Background: The influenza A virus genome is composed of eight single-stranded RNA segments of negative polarity. Although the hemagglutinin and neuraminidase genes are known to play a key role in host adaptation, the polymerase genes (which encode the polymerase segments PB2, PB1, PA) and the nucleoprotein gene are also important for the efficient propagation of the virus in the host and for its adaptation to new hosts. Current efforts to understand the host-specificity of the virus have largely focused on the amino acid differences between avian and human isolates.
segment. Segments 1-3 code for the three subunits of the heterotrimeric RNA-dependent RNA polymerase (PB2, PB1, and PA, respectively) and segment 5 codes for the nucleoprotein (NP), a protein that binds single-stranded RNA [2] . RNPs are sufficient for replication of the viral RNA, which leads to synthesis of positive strand complementary RNA and transcription to viral mRNA [3] . The proteins that comprise the RNPs play an important role in the adaptation of the avian viruses to humans [4] , but the precise mechanism is still unclear. Recently, it was found that the three polymerase genes affect replication of avian influenza viruses [5] . Current efforts to investigate this adaptation mechanism are mainly focused on characteristic amino acid differences between avian and human genes [6] . In some cases, critical amino acid substitutions have been identified that affect species-specific virulence [7] [8] [9] .
Influenza A viruses are subdivided by antigenic characterization of the hemagglutinin (HA) and neuraminidase (NA) surface glycoproteins (segments 4 and 6, respectively). HA has 16 and NA has 9 different subtypes. The most commonly circulating subtypes in the human population are A/H1N1, A/ H2N2, and A/H3N2. The 1918 pandemic was caused by an A/ H1N1 strain, whose polymerase genes were probably of avian origin [6] . Since then, there have been two major influenza pandemics (1957 and 1968) caused by A/H2N2 and A/H3N2 subtypes, respectively. Both strains were subject to reassortment. The human virus seems to have acquired three avian segments (HA, NA, and PB1) in the case of the 1957 pandemic, and two avian segments (HA, PB1) in the case of the 1968 pandemic [10] . The other segments are believed to have been circulating in humans since the 1918 pandemic. Currently, A/H3N2 and A/H1N1 (re-introduced into the population in 1977) are circulating in the human population [11] .
Predicting the emergence of new circulating influenza strains for annual vaccine development is critical [12] . Recently, the emergence of highly pathogenic avian influenza has been of widespread concern. The majority of these outbreaks involve the direct transmission of isolates from the A/H5N1 subtype from birds to humans [13, 14] . Since 2004, 385 people have been infected with H5N1 viruses, with 243 fatalities (63%). Other highly pathogenic subtypes associated with disease include A/H9N2, A/H7N7, and A/H7N3.
In this study, we investigate the role of the RNP member proteins in the propagation of the virus in birds and humans. We propose that RNA structure stability, reflected in the folding free energy, plays a critical role in overall influenza virus fitness, having an effect on replication, transmission, and spread to humans. RNA molecules with low folding energies will generally form longer stems that could potentially reduce the translation rate. Also, long stems may trigger the RNA interference mechanism, thus increasing the RNA degradation rate [15, 16] , which may also restrict protein production and reduce the overall number of released virions. We note, however, that long imperfect stems, especially in the 3' untranslated regions (UTRs) of the genes, can increase stability.
The discovery of differences between avian and human RNA folding energies represents a novel angle in our understanding of molecular evolutionary adaptation of influenza A virus to various hosts.
Results
Influenza A virus genes coding for RNP components exhibit species-specific mRNA folding energies
To investigate whether differences exist in the preferred folding energies of human and avian viruses, the mRNA of genes coding for PB2, PB1, PA (polymerase complex segments 1-3), and NP (segment 5) were folded as described in Materials and methods. Avian and human frequency distributions are found to be distinct in all these genes (p << 0.01, Wilcoxon Rank Sum test), with segments 1 (PB2) and 5 (NP) having the most distinct distributions (Figure 1) . A similar discrimination exists between the energy distributions of the avian-derived A/H5N1 strains isolated from humans and the currently circulating A/H1N1, A/H2N2 and A/H3N2 human strains (Figure S1 in Additional data file 1; p << 0.01 for all segments, Wilcoxon Rank Sum test). This separation coincides with the fact that A/H1N1 and A/H3N2 strains circulate in the human population, whereas human transmission of A/H5N1 isolates is still inefficient. Avian influenza strains from other subtypes, such as A/H7N3 and A/H9N2, also exhibit folding energy preferences at the lower end of the human spectrum (data not shown).
The 1918 outbreak was the worst pandemic in recorded history. It caused severe disease with high mortality in the United States (675,000 total deaths) [10] and worldwide (50 million people) [17] . It was previously suggested that the polymerase genes of the 1918 virus were of avian origin [6] . In agreement with this hypothesis, we found that the folding energies of the polymerase genes (segments 1-3) of the 1918 strain are in the lower 1.5-4% of the human energy distributions and 6.5-67% of the avian distributions. Similarly, Kawaoka et al. [11] have suggested that the PB1 segment was of avian origin in the 1957 and 1968 pandemics (caused by A/ H2N2 and A/H3N2 strains, respectively). We found the folding energies of the PB1 segments for all 1968 A/H3N2 isolates to be smaller than the average avian values (-655 to -635) and at the very low end of the human range, which supports the hypothesis of the avian origin of this segment. However, all the 1957 A/H2N2 isolates have folding energies in the region between the two distributions (-633 to -623), so we are not able to draw any conclusions in this case ( Figure 1 ).
Next, we examined whether the observed differences in RNA folding energy distribution between human and avian strains are a by-product of the selection performed at the protein level. Certain amino acids are known to play an important role in host-specificity. For example, Subbarao et al. [9] showed that a Glu to Lys substitution at position 627 of the PB2 gene is sufficient for restoring the virus's ability to replicate in Madin-Darby canine kidney (MDCK) cells. In an attempt to distinguish between the folding energy constraints and the amino acid constraints, we examined whether degenerate codon positions favored an increase or decrease in the hydrogen bonding potential between the viruses of the two species. Hydrogen bonding potential is defined as the number of hydrogen bonds a particular base would form if it was paired in the RNA secondary structure (see Materials and methods). While the hydrogen bond potential can not offer definite proof of whether evolution operates at the folding energy level or not, it is nevertheless indicative of the trend. If amino acid substitutions constitute the only dominant force that drives the evolution of the polymerase genes, then it would be expected that no differences would exist in the number of potential hydrogen bonds in the degenerate positions between the avian and human species. In other words, there would be no increase in the number of A or U bases in human strains compared to the avian strains at these positions. Instead, we found that degenerate positions in the avian strains contained bases with higher bonding potential than in the human strains ( Figure 2 ). In fact, the differences between the potential hydrogen bond distributions in segments 1, 3, and 5 are similar to the distributions of the folding energies ( Figure 1) ; and in segment 2 the differences in hydrogen bonding potential are even more profound. In all cases, the observed differences are statistically significant (p << 0.01, Wilcoxon Rank Sum test). These results are in agreement with other studies that have found host-specific nucleotide bias for the influenza virus, which was attributed to host mutational bias [18, 19] .
Another factor that might affect the evolution of the nucleotide sequence is the codon usage bias. Each organism uses more frequently a specific set of codons for coding certain amino acid residues. In polioviruses, selection of strongly unfavorable codons can lead to reduced protein translation [20] . Could it be that this is also the case in influenza viruses and that the trend we observe in the degenerate codon positions is the result of a shift towards the host-specific codon bias? We examined this by comparing the codon frequencies of the avian and human influenza A viruses (A/H1N1, A/ H3N2 and A/H5N1) to the codon frequencies of avian genes (chicken was used as representative of avian species) and human genes [21] . We found that codon frequencies are similar between the human and chicken genes (R = 0.98), and between human and avian influenza A virus genes (R > 0.97), but not between the virus genes and the animal species (R < 0.66). This suggests that the influenza polymerase genes are not under strong selection to shift towards their host codon usage preferences. In fact, this agrees with the proposed theory that, for species with small population sizes (like humans or birds), the codon usage changes are effectively neutral [22] .
Based on these observations, we postulate that the folding free energy of the polymerase and NP gene segments is an important biophysical property of the segments and plays a significant role in the evolution of the virus both within the human population and in the ability of the virus to adapt to the human host when introduced from an avian source.
Evolution of folding energies of the polymerase and NP genes
If there is an 'ideal range' of folding free energies for each of the polymerase and NP genes, then strains from subtypes that entered the human population at some point and circulated for many years will tend to progressively shift their folding energies towards this 'ideal' range for humans. To test this evolutionary stasis hypothesis, three of the most recently circulating human influenza A subtypes (A/H1N1, A/H3N2 and A/H2N2) were examined. We found that there was an evolutionary trend towards higher folding energies as strains from these subtypes circulated in the human population ( Figure 3 ). Although there is no reason to expect that the changes in the folding energy will correlate linearly with the year, we observe in fact such correlation for parts of the evolutionary trend. 
RNA folding energy and cell temperature
One of the factors that determine RNA folding energy is temperature. If viral RNA and mRNA folding energy affects the efficiency of viral infection and replication, then one would expect that virulence will vary according to the temperature that cells are incubated at and the folding energy of the viral segments. To further investigate this hypothesis, MDCK cells were slowly adapted for growth at two temperatures higher than 37°C (39°C and 40°C) as described in Materials and methods. The slow adaptation allowed cells to adjust to higher temperatures, thus minimizing the risk of injury due to heat shock. (Figure 1 ). Compared to PR8/34, NC/99 has higher folding energies for segments 1 and 2 and similar or slightly lower energies for segments 3 and 5. However, the folding energies of segments 1 and 2 of NC/99 are at the Predicted folding free energy of the human influenza A strains (polymerase genes) versus year isolated Figure 3 Predicted folding free energy of the human influenza A strains (polymerase genes) versus year isolated. extreme end of the avian distribution, which might explain its inability to replicate efficiently at higher temperatures, as indicated by the viral titer values ( Table 1 ). All four segments of Wisc/05 have RNA folding free energy values higher than the average for human influenza A viruses (Figure 1) . So, based on the hypothesis that cell temperature affects viral replication through the folding energy of the polymerase genes, Wisc/05 is expected to replicate more efficiently at 37°C than at higher temperatures. Consistent with that hypothesis, no plaques were observed when MDCK cells, infected with Wisc/05, were incubated at 40°C, and there were fewer plaques on MDCK cells incubated at 39°C compared to MDCK cells incubated at 37°C (Table 1) .
Ability of the H5N1 influenza A virus to become established in the human population
The ability of an avian virus to jump from the bird population directly to the human population has been recorded for the A/ H5N1, A/H7N3, A/H7N2, and A/H9N2 subtypes [23, 24] . Most of these human outbreaks have been limited to a single round of infection from birds to humans with little or no human-to-human transmission. Nevertheless, the A/H5N1 human outbreaks have occurred in at least 16 countries across 3 continents since 1997 [25] , and strains of the avian A/H5N1 subtype are considered to be a threat to humans because of their pandemic potential [26] . For this reason, we decided to further examine the folding energies for avian A/H5N1 isolates. Box plots of the folding energies of segments 3 and 5 were calculated for all observations from the same region when data existed for two or more consecutive years ( Figure  4) . Differences in the yearly plots are not statistically significant for all but one of them (Indonesia population, segment 5, p = 0.04). This is expected for changes occurring over short periods of time. Nevertheless, these plots show a clear trend towards higher energies from year to year, which would favor adaptation to human hosts according to our hypothesis. For segments 1 and 2 no such trend was observed, but we note that the vast majority of segment 1 and 2 sequences from these regions have folding energies already in the human spectrum (data not shown).
We also analyzed the folding energies for five A/H5N1 strains that are currently recommended by the World Health Organization for the production of vaccines against potential pandemic A/H5N1 influenza. The 1918 virus was used in this analysis as a low energy limit for the virus to be able to efficiently propagate in humans. The folding energy values of the 1918 virus are among the smallest observed in human viruses, and the virus caused one of the worst pandemics. In all but one case, segments 1-3 of the A/H5N1 viruses had higher folding energies than the corresponding segments of the 1918 strain (Table S1 in Additional data file 1). The exception is segment 3 of the A/Vietnam/1203/2004 (VN/04) H5N1 strain, with a predicted folding free energy of -651 kcal/mol compared to the 1918 value of -628 kcal/mol. These data suggest that, as far as segments 1-3 are concerned, all but one A/H5N1 strain analyzed (VN/04) have the potential to contribute to efficient transmission from human-to-human and, hence, the establishment of the virus in the human population.
Hatta et al. [7] studied the virulence of two H5N1 influenza A strains with respect to residue 627 of the PB2 protein. Although the difference is small, we note that both strains have PB2 folding energies at the extreme low end of the human distribution (Figure 1 ). It is possible that at distribution extremes, even small differences can give the virus an evolutionary advantage. In addition, Hatta et al. [7] performed site-directed mutagenesis and replaced the amino acid at position PB2-627 in each of the strains with the amino acid of the other strain. The new strains, VN1203PB2-627E and VN1204PB2-627K, had measured MLD 50 values of 67.6 and 0.6, respectively. Interestingly, the corresponding folding energies of these mutants are -684.2 (VN1203PB2-627E) and -681.7 (VN1204PB2-627K). It is easy to see that for all four proteins (initial isolates and mutants), the order of the MLD 50 values coincides with the order of the negative folding energy values (rank correlation coefficient R = -1). In fact, if we exclude mutant VN1203PB2-627E from the analysis (because, practically, it does not infect the cells), the remaining three segments exhibit a strong anti-correlation between MLD 50 and folding energy values (R = -0.97). In other words, in this case, the virulence of the virus with respect to PB2 seems to be associated with how close its folding energy is to the human average (Figure 1) , with the segments closer to the average being more virulent.
Discussion
In this study, we have analyzed a biophysical property of the RNA segments of the influenza A virus: the folding free energy. We show that folding free energies of the RNP complex genes (PB2, PB1, PA and NP) differ between avian and human viruses and between seasonal human viruses and A/ H5N1 viruses isolated from humans. The fact that the other segments do not show such drastic folding energy preferences (data not shown) may reflect the importance of the polymerase genes in escaping the host's cellular response [27] .
The choice of focusing on the coding regions (or open reading frames (ORFs)) rather than on the complete segments was dictated by the fact that a large percentage of the sequences in the database (20-48%, depending on the segment and the host species) lack information about the 5' UTR, the 3' UTR, or both. Thus, analyzing the coding regions provided the largest common dataset. Given the small length of the non-coding regions (compared to the ORFs), their effect on the analysis of the folding energies is expected to be small. In other words, it is reasonable to believe that the trends observed in the analysis of the coding regions are representative of the phenome- Predicted folding free energy (kcal/mol)
non seen for the whole segments. However, non-coding regions can be important for viral RNA replication [28] , hence affecting virulence. For example, certain 5' UTRs may enhance the translation efficiency or some 3' UTRs may contain targets for microRNA genes from the host. But these phenomena are independent of the folding energies, so their contribution to virulence is similar to the contribution of HA, NA or the other non-RNP genes, and hence not a subject of our analysis.
Based on the folding energy distributions of the human and avian strains, we postulated that the avian virus segments may fold into a more 'rigid' structure in human cells than in avian cells. Such structure is expected to have long stems. Long stems with no mismatches can result in slower translation rates or increased degradation rates of the mRNA molecules [15, 16] . values (R = -0.97). The effect of the folding energy on the evolution of the virus appears to be independent of the concurrent amino acid changes in the polymerase and NP genes, and independent of the codon usage bias. In addition, human influenza A strains have increasingly higher folding energies over time (within a certain range), especially when their folding energy starting points are close to the avian range.
Taken together, these results suggest that the folding free energy of the RNA molecules of the polymerase segments is an important factor in the evolution of the influenza A virus. Previous research in this area was focused on amino acid changes, especially in the HA, NA, and PB2 genes [7] [8] [9] , where a number of mutations were found to be critical for host adaptation of the virus. The fact that the 1918 A/H1N1 has segments 1-3 with RNA folding free energies in the lowest part of the human spectrum ( Figure 1) is indicative of the importance of the NA and HA genes in the success of replication and host adaptation [29] .
In agreement with previous studies [6] , our data support the idea that the polymerase genes (PB2, PB1, PA) of the 1918 A/ H1N1 virus were of avian origin, since they are outside of the spectrum of the A/H1N1 folding energies and in the lower spectrum of folding energies of all human viruses. Also, our results support the hypothesis that the PB1 segment in the 1968 pandemic (but not necessarily in the 1957 pandemic) was of avian origin. The possibility of an avian influenza A virus strain crossing the host barrier and successfully propagating in humans has been controversial [26, 30] . So far, cases of avian-to-human transmission are limited, both in number and virulence. From the folding free energy perspective and in light of the results above, we can postulate that avian viruses whose RNP complex genes have folding energies in the corresponding human spectra will have increased chances to establish themselves in the human population. So far, no avian virus has been found with all its RNP segments in the human range, although this might reflect gaps in the sequence data. Nevertheless, should a re-assortment and the necessary amino acid changes occur in HA segments coding for glycoproteins with specificity for human receptors (sialic acid alpha-2,6-galactose), it is possible that an avian A/H5N1 strain may cause a pandemic in humans.
To our knowledge, this is the first time that RNA folding was identified as a factor in the evolution and adaptation of the influenza A virus. Taken together, our results are consistent with the hypothesis that the host's body temperature may play an important role in the host adaptation of a virus, although clearly more experimentation is required. Interestingly, the folding free energy distribution of the swine viruses is intermediate between the avian and human distributions ( Figure S3 in Additional data file 1) and the swine is known as an intermediate host (possibly as a 'mixing vessel') for avian viruses jumping into humans. The swine's mean body temperature range is 37.8-38.6°C [31] , which is also intermediate between avian and human body temperature ranges. Also, the folding free energy distributions of the avian viral genes become indistinguishable from the human distributions if the avian genes are folded at 38°C ( Figure S2 in Additional data file 1). Having said that, the evolution of the influenza A virus is complicated and the folding free energy hypothesis can not explain all observations. The RNP complex genes of the 1918 virus, for example, have very small folding free energies compared to the rest of the human viral genes and still caused one of the most devastating pandemics in history. Waterfowl birds present another interesting case. Influenza viruses isolated from chickens can seamlessly circulate in waterfowl birds, although the latter generally have higher average body temperatures [32] . On the other hand, the body temperature of waterfowl birds varies substantially between different organs, as well as the bird's activity during the day [33] , which adds to the complexity of the evolutionary forces shaping the propagation of the virus.
